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ABSTRACT
Aim Biodiversity and drinking water share a common interest in land conser-
vation. Our objective was to identify where that common interest occurs
geographically to inform conservation planning.
Location The study focused on 2112 eight-digit hydrologic units (watersheds)
occurring in the conterminous United States.
Methods Data on aquatic-dependent species occurrence, drinking water
intakes, protected land status and land cover change were compiled for each
watershed. We compared these four datasets after defining ‘hotspots’ based on
attribute-specific thresholds that included (1) the 90th percentile of at-risk
aquatic biodiversity, (2) with and without drinking water intakes, (3) above
and below the median percentage of protected land and (4) increase in urban
land above and below a 1% threshold between 2001 and 2006. Geographic
intersections were used to address a number of questions relevant to conserva-
tion planning including the following: What watersheds important to aquatic
biodiversity are also important to drinking water? Which watersheds with a
shared stake in biodiversity and drinking water protection have inadequate land
protection? Which watersheds with potentially inadequate amounts of protected
lands are also undergoing relatively rapid urbanization?
Results Over 60% of the watersheds that were determined to be aquatic
biodiversity hotspots also had drinking water intakes, and approximately 50% of
these watersheds had less than the United States median amount of protected
land. A total of seven watersheds were found to have shared aquatic biodiver-
sity/drinking water values, relatively low proportions of protected lands and a
relatively high rate of urbanization. The majority of these watershed occurred in
the south-eastern United States, with secondary occurrences in California.
Main conclusions Geographic analysis of multiple ecosystem services can iden-
tify areas of shared land conservation interest. Locations where ecosystem com-
modities and species conservation overlap has the potential to increase
stakeholder buy-in and leverage scarce resources to conserve land that, in this
case study, protects both biodiversity and drinking water.
Keywords
At-risk species, conservation planning, ecosystem services, geographic informa-
tion system, protected lands, urbanization.
INTRODUCTION
Setting aside land from future development is a long-
standing means of biodiversity protection (DellaSala et al.,
2001; Possingham et al., 2006). Although other means are
recognized (Bean, 2000), removal of land from future devel-
opment through outright acquisition, easements, rent or
other mechanisms is recognized as a critical element for con-
servation of biodiversity (Shaffer et al., 2002; Phalan et al.,
2011). Incorporation of geography provided a needed boost
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to locating areas to set aside for biodiversity conservation
(Scott et al., 1987; Flather et al., 1998, 2009). Development
of geographic databases on the occurrence of numerous taxa
provided synoptic views of species concentrations (Flather
et al., 1998; Shriner et al., 2006) that could then be com-
pared with existing information on status of land protection
to guide selection of land areas to set aside from future
development.
Identification of candidate conservation areas is central to
biodiversity protection. Conservation planning software such
as MARXAN was developed to identify the fewest number of
(or most cost efficient) conservation areas that protected the
greatest number of species (Ball et al., 2009; Watts et al.,
2009). Hub and corridor models are inherently geographic
approaches focused on identification of areas for conserva-
tion that should serve as refugia or connectors between refu-
gia (Benedict & McMahon, 2006; Beier et al., 2008;
Wickham et al., 2010). Population viability models integrate
survival and fecundity with geographic data on habitat which
can then be linked with conservation planning models to
refine reserve selection (Carroll et al., 2003; Beissinger et al.,
2009). Graph theory can be used to characterize an area as a
set of habitat and linkages between them, which can be used
to identify areas for conservation (Minor & Urban, 2008).
More recently, land conservation has been recognized as an
important element of drinking water protection (Wickham
et al., 2011). One of the more well-known examples of a pub-
lic policy decision based on valuing clean drinking water as an
ecosystem service involved New York City’s decision in 1996
to protect and restore land in the Catskill/Delaware watershed
rather than investing in a water filtration system (National
Research Council, 2005). During this same period, amend-
ments to the Safe Drinking Water Act (SDWA) shifted its
emphasis from contaminant detection to source water protec-
tion (US Environmental Protection Agency, 1997). In the con-
text of drinking water, source water refers to the water
entering a drinking water facility, which, in essence, is the run-
off from the watershed upstream of a drinking water intake.
The shift in emphasis to source water protection recognized
that the quality of untreated water entering a drinking water
treatment plant directly related to the cost of treating the
water and the risk of waterborne pathogens and pollutants
entering the drinking water supply. SDWA’s new focus on
source water protection is consistent with several studies that
report the cost and benefits of land conservation for drinking
water protection (National Research Council, 2000; Dudley &
Stolton, 2003; Ernst et al., 2004; Mehaffey et al., 2005; Postel
& Thompson, 2005).
With the shift in SDWA emphasis to source water, land use
management is now an important element of two areas of
study that are not usually regarded as overlapping or sharing
common interests – biodiversity conservation and drinking
water protection (Wickham et al., 2011). The objective of this
research is to demonstrate opportunities to align biodiversity
and drinking water protection goals. The demonstration is
conducted using spatial analysis of geographic data on species
occurrence and drinking water intake locations. Alignment is
demonstrated by identifying places where land conservation
will likely benefit protection of both biodiversity and drinking
water.
METHODS
Data
Data on aquatic-dependent species distributions, drinking
water intake locations, status of land protection and land
cover (including land cover change) were used for the analy-
sis. The US Geological Survey (USGS) eight-digit hydrologic
units (watersheds) were used as the analysis unit. There are
2112 watersheds for the conterminous US in the USGS
eight-digit hydrologic unit data.
Aquatic-dependent species occurrence by watershed was
compiled from NatureServe’s central databases (McNees,
2010) in support of the US Forest Service 2010 Resource
Planning Act (RPA) assessment (see Loftus & Flather, 2012).
Aquatic dependence was defined as relying on marine, estua-
rine, lacustrine, palustrine or riverine habitats for a signifi-
cant part of the species’ life cycle. Species groups included
vascular plants, birds, mammals, reptiles, amphibians, non-
vascular plants, fungi and lichens, invertebrates and freshwa-
ter fish. Marine species were not included. The final dataset
included tallies of the total number of aquatic-dependent
species and counts by conservations status rank (Table 1) for
each watershed. There were no data on species occurrence
for 51 of the 2112 eight-digit hydrologic units within the
conterminous United States, leaving a total of 2061 used in
our analyses. Many of the 51 watersheds without species data
overlapped the Canadian border.
Drinking water intake locations (x, y) were provided by
the US EPA Office of Ground Water and Drinking Water.
The dataset included a total of 5265 intake point locations
(see Wickham et al., 2011). The point locations were for sur-
face water sources only. Ground water sources were not
included.
Land cover composition and land cover change were com-
piled by watershed from NLCD 2006 (Fry et al., 2011). The
NLCD 2006 database includes land cover for ca. 2001 and
ca. 2006 based on temporal mapping to identify change. The
difference in the amount of urban land between ca. 2001 and
ca. 2006 was used as an estimate of urbanization. None of
the watersheds lost urban land over the approximate 5-year
Table 1 NatureServe conservation status ranks
Rank Description
G1 Critically imperilled
G2 Imperilled
G3 Vulnerable to extirpation or extinction
G4 Apparently secure
G5 Demonstrably widespread, abundant and secure
source: http://www.natureserve.org/explorer/ranking.htm.
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period. Urban was defined as the sum of the four urban clas-
ses in the NLCD data; NLCD land cover class definitions are
available at http://www.mrlc.gov/nlcd06_leg.php.
Land protection status was derived from the Protected
Areas Database (DellaSala et al., 2001), version 1.2 (http://
gapanalysis.usgs.gov/padus/data/download). All lands in GAP
categories 1, 2 and 3 as defined by Scott et al. (1993) were
designated as protected (Table 2).
Analysis
The total number of species occurring in an area was
expected to increase as some fractional power of area
(Rosenzweig et al., 2011). Based on linear regression analysis
(SAS 9.3; SAS Institute, Cary NC, USA), we found no
evidence that aquatic-dependent species counts within a
watershed varied as a linear (F = 1.13; P > 0.29) or power
function (data log–log transformed; F = 0.01; P > 0.93) of
watershed area. Our failure to find an area relationship was
consistent with Muneepeerakul et al. (2008) who found that
freshwater fish species richness was explained not by
watershed area, but by drainage area (the total area drained
by a watershed which includes the area of the focal eight-
digit hydrologic unit and all the units upstream from it),
and the average annual runoff production as an indicator of
resources available for fish production. Pearson product–
moment correlation did reveal that the number of at-risk
aquatic species was positively related to the total aquatic
species richness (r = 0.64; P < 0.0001). This was expected as
all other things being equal (e.g. the species abundance dis-
tribution), watersheds with larger species pools would be
expected to have a greater number of rare (and therefore
more likely to be classified as at-risk) species. To control for
the species’ pool size effect, we focused our analysis on the
proportion of at-risk species (No. of at-risk/total No. of
species) within each watershed in our geographic compari-
sons with protected land and urban growth. Analyses using
proportions of at-risk species are reported in the main text,
and analyses based on simple count data (for both total
aquatic-dependent species and at-risk species) are reported
as Supplemental Material.
Spatial analysis was based on intersecting the four datasets
within a geographic information system. Thresholds were used
to guide the intersections. The 90th percentile was used as a
threshold to define watershed hotspots of biodiversity. The
90th percentile was applied to the proportion of at-risk species,
as well as total number of species in the watershed and the
number of at-risk species in the watershed. Watersheds were
considered hotspots when the 90th percentile was equalled or
exceeded. The 90th percentile values were 0.05066 (proportion
of at-risk species), 20 (number of at-risk species) and 473
(total species richness). At-risk was defined as the number of
species in categories G1, G2 and G3 (Table 1; as in Robles
et al., 2008). The number of watersheds included in the 90th
percentile was not consistently 10% of the 2061 watersheds
used in the analyses because of ties. The threshold used for
number of drinking water intakes was 1, that is, at least one
drinking water intake occurred in the watershed. The thresh-
old used for percentage of protected land within a hydrologic
unit was 9% – the median value of percentage of protected
land across the 2061 watersheds with species distribution data.
The threshold used for percentage change in urban land was
1%. Change in percentage urban was calculated as the percent-
age of the area of the hydrologic unit that was urban in 2006
minus the percentage of the area of the hydrologic unit that
was urban in 2001. A low land cover change percentage thresh-
old was used because of the overall large size of the eight-digit
hydrologic units. The median area of the eight-digit hydrologic
units is greater than 326,700 ha, which translates into a gain of
urban land of more than 3260 ha (32.6 km2) for a 1% thresh-
old. The geographic intersections using the thresholds can be
used to organize the watersheds into several different catego-
ries (Table 3), such as watersheds that have high number of
Table 2 Land protection categories (from Scott et al., 1993; see
also DellaSala et al., 2001)
Category Description
1 There is an active management plan designed to maintain
natural state; natural disturbance events proceed without
interference or are mimicked (e.g. Nature Conservancy
Preserves).
2 Managed for natural values, but allowed uses of the land
may degrade quality (e.g. some natural wildlife refuges).
3 Most non-designated public lands; legal mandate prevents
conversion to anthropogenic use with some exception;
protection of United States federally listed endangered,
threatened or candidate species (e.g. US Forest Service
lands).
4 Private land and public land without agreements to
maintain native species and natural communities
(e.g. urban and agricultural areas).
Table 3 Description of hotspot watersheds (WS) categorized by
number of drinking water intakes, percentage of protected land
and percentage increase in urban land
Category
For WS ≥ 20 at-risk species or ≥ 437 total species
No. of Drinking
water intakes
% Protected
land
% Increase in
urban land
1 0 > 9 < 1
2 0 > 9 ≥ 1
3 0 ≤ 9 < 1
4 0 ≤ 9 ≥ 1
5 ≥ 1 > 9 < 1
6 ≥ 1 > 9 ≥ 1
7 ≥ 1 ≤ 9 < 1
8 ≥ 1 ≤ 9 ≥ 1
Thresholds are ≥ 20 (No. at-risk species), ≥ 437 (species richness),
≥ 1 (number of drinking water intakes), ≤ 9% (percentage of
protected land) and ≥ 1% (increase in urban land).
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species, a low percentage of protected land, a high rate of
urbanization and include at least one drinking water intake.
There was no species occurrence data for non-vascular
plants, fungi and lichens, invertebrates and freshwater fish
for 473 watersheds concentrated in the central United States
(see Fig. S1 in Supporting Information). The effect of the
missing data was assessed by comparing watersheds in the
90th percentile with and without occurrence data for these
species groups.
RESULTS
Drinking water intake locations split watersheds that are bio-
diversity hotspots into groups with and without a collateral
stake in drinking water protection. For the proportion of
at-risk species, 67% (139 of 207) of the hotspot watersheds
had a drinking water intake (Fig. 1). For the simpler hotspot
measures of at-risk species counts and total species richness
counts, the proportions of the hotspot watersheds with a
drinking water intake were 67% and 57%, respectively (see
Figs S2 and S3 in Supporting Information). More than half
of the watersheds identified as species hotspots have a collat-
eral stake in drinking water protection.
Inclusion of percentage of protected land provided further
thematic resolution to the dichotomous grouping of species
hotspot watersheds into those with and without drinking
water intakes by subdividing the two groups into those with
and without an ‘adequate’ amount of protected land. For the
proportion of at-risk species, there were 2.3 9 more water-
sheds with at least one drinking water intake and less than
the median amount of conserved land than watersheds with-
out a drinking water intake and less than the median
amount of conserved land (Fig. 1).
Including urbanization along with number of drinking
water intakes and percentage of protected land results in
eight possible categories of hotspot watersheds (Table 3).
Ranking according to the level of threat is an intuitive use of
the categorization. Although it is likely that the ranks would
be sensitive to the person assigning them, it is plausible that
the categories with less than the median amount of protected
land and at least a 1% increase in the amount of urban land
would be identified as the most threatened (categories 4 & 8
in Table 3). There are seven watersheds in the category for
the group with drinking water intakes and none in this
group for watersheds without drinking water intakes (Fig. 1).
The number of at-risk species and the total number of
species are correlated, but not perfectly so, and the imperfect
correlation is evident when maps of the two measurements
are compared (Figs S2 and S3). Many of the same watersheds
are in the 90th percentile for at-risk and total number of
species, and this commonality is concentrated in the south-
eastern United States. The most notable difference between
the two occurs in California and the desert southwest. For
the number of at-risk species (Fig. S2), there are numerous
Figure 1 Watersheds in the 90th
percentile for the ratio of at-risk species
to total species richness categorized by
the number of drinking water intakes,
percentage of protected land in the
watershed and percentage of urban
increase in the watershed. The legend
lists the thresholds used (see Methods)
for number of drinking water intakes,
percentage of protected land and
percentage of urban increase. Count is
the number of watersheds in each
category. The 90th percentile for the
ratio is 0.05066.
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hotspot watersheds in California and the desert southwest,
whereas hotspot watersheds for the total number of species
are strongly concentrated in south-eastern United States (Fig.
S3). The spatial pattern for proportion of at-risk species
(Fig. 1) more closely matched the spatial pattern of the
number of at-risk species (Fig. S2) than the spatial pattern of
total species richness (Fig. S3).
Restricting the analyses to only those species groups for
which there were data for all watersheds (plants, birds, mam-
mals, reptiles and amphibians) did not result in dramatic
differences in the spatial pattern of hotspot watersheds
(Fig. 2). The spatial patterns of species hotspot watersheds
using all data (Fig. 2a) and only the species groups for which
there were data for all watersheds (Fig. 2b) were similar.
Approximately 61% of species hotspot watersheds identified
using all data (Fig. 2a) were also species hotspot watersheds
using only the species groups for which there were data for
all watersheds (Fig. 2b). None of watersheds that were
species hotspots in Fig. 2a but not species hotspots in Fig. 2b
were watersheds with missing data (Fig. S1), suggesting that
changes in the relative proportions of at-risk species for the
species groups without missing data (plants, birds, mammals,
reptiles and amphibians) were responsible for the differences
between the two maps.
DISCUSSION
We identified numerous geographic locations where
biodiversity and drinking water protection are likely to have
a shared interest in land conservation. More than 50% of the
hotspot watersheds also have drinking water intakes. Adding
percentage of protected land and urbanization provided
additional thematic resolution that could be used to inform
land conservation planning. There were greater numbers of
hotspot watersheds with drinking water intakes and less than
the median percentage of protected land than hotspot water-
sheds without drinking water intakes and less than the med-
ian percentage of protected land. Further, nearly all of the
hotspot watersheds with less than the median percentage of
protected land and a high rate of urbanization also had
drinking water intakes. The concentration of hotspot
watersheds in the south-eastern United States is consistent
(a)
(b)
Figure 2 Comparison of hotspot
watersheds using the ratio of the number
of at-risk species divided by total species
richness for all species groups (a) and
using only the species groups for which
there were data for all watersheds (b).
The hotspot watersheds are grouped by
the categories listed in Table 3 of the
main text, where the top (light blue)
colour is category 1 and the bottom
(grey) colour is category 8. Figure 2a is
the same as Fig. 1. The 90th percentiles
were 0.05066 for panel a and 0.03010 for
panel b.
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with the results reported by Flather et al. (1998, 2008) and
Robles et al. (2008).
The integration of biodiversity and drinking water protec-
tion goals that we demonstrate through geographic analysis
also applies to the underwriting mechanisms used by each
perspective for land conservation. The motivation for the
conceptual extension is that the cost of land is high, and the
financial resources for land conservation are scarce. For
example, the Land and Water Conservation Fund is an
important source of underwriting for acquiring lands to pro-
tect biodiversity, but only a fraction of the authorized appro-
priation is made available in any given year (Bean, 2000).
Similarly, a US Government Accounting Office review of the
US Fish and Wildlife Service National Wildlife Refuge Sys-
tem (NWRS) found that funding was insufficient to manage
both the current network of NWRS lands and also to add
land to the existing base (see Davison et al., 2006:97). The
primary US federal mechanism for funding land conservation
for drinking water protection faces similar fiscal constraints.
The 1996 amendments to SDWA established the Drinking
Water State Revolving Fund (US Environmental Protection
Agency, 1997), but only a small portion of these funds are
available for land acquisition because the funding mechanism
must also support maintenance and development of an
extensive drinking water infrastructure (e.g. pipes, water
treatment plants; US Environmental Protection Agency,
2009). Integrating the funding mechanisms of each perspec-
tive has the potential to leverage scarce resources to conserve
land that protects both biodiversity and drinking water.
An example of where integration of these funding mecha-
nisms might occur in geographic space is shown in Fig. 3.
The watershed shown in Fig. 3 is one of the seven water-
sheds in category 8 (Table 3; Fig. 1). The watershed is spe-
cies rich (proportion of at-risk species = 0.056306), includes
drinking water intakes, has little conserved land (~ 1.5%)
and it has a high rate of urbanization (~ 1.5%). The box in
the northwest portion of the watershed bounds Falls Lake,
the primary drinking water source for the city of Raleigh,
North Carolina. A high proportion of the land surrounding
Falls Lake is not identified as conserved in the protected
areas database. The Neuse River drains from Falls Lake and
serves as a drinking water source for other cities in North
Carolina that are downstream from Raleigh. The box in the
southeast portion of the watershed bounds a large wetland
complex, through which the Neuse River flows, that also has
little land that is identified as conserved. Additional conser-
vation of land in the vicinity of Falls Lake and the large
wetland complex is likely to benefit both drinking water and
biodiversity protection goals.
A watershed east of California’s San Francisco Bay (Fig. 4)
provides another example of where funding integration
might occur. The watershed is also one of the seven
Figure 3 Raleigh, NC watershed.
Raleigh is located at the centre of the
watershed. The black rectangle northwest
of Raleigh bounds Falls Lake, a primary
source of drinking water for Raleigh. The
Neuse River drains from Falls Lake and
serves as a source of drinking water for
many downstream cities. The black
rectangle at the southern end of the
watershed bounds a large wetland
complex, that is, part of the Neuse River.
The western edge of the city of
Goldsboro, NC, is just to the east of the
large wetland complex at the watershed
boundary. The land cover is from the
NLCD 2006 database (http://www.mrlc.
gov/).
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watersheds in category 8 (Table 3; Fig. 1). It includes drink-
ing water intakes, has a high rate of urbanization (~ 1.3%),
and, based on our indicator, proportion of at-risk species,
the watershed is in the top 2% for aquatic-dependent bio-
logic diversity in the contiguous United States. Moreover,
the watershed flows directly into the San Francisco Bay–Delta
estuary – an area that has remained biologically diverse
despite substantial anthropogenic modification, supplying
habitat to several federally listed threatened or endangered
species [e.g. Chinook salmon (Oncorhynchus tshawytscha),
delta smelt (Hypomesus transpacificus), green sturgeon (Aci-
penser medirostris)] and drinking water to ~ 25 million resi-
dents throughout the state (National Research Council,
2012). The amount of conserved land (~ 7.4%) is near the
United States median of ~ 9%, but there is little protected
land in the vicinity of the watershed’s three main rivers.
There are several small wetlands in the vicinity of the three
main rivers, especially along the southern (upstream) reach
of the San Joaquin River, where funding mechanisms for
habitat conservation and drinking water protection could
come together to synergistically promote biodiversity and
clean drinking water.
One advantage of integrating drinking water and biodiver-
sity data is that it adds geographic specificity. Geographic
analysis of hotspots alone has been criticized because it iden-
tifies areas for conservation that are at a geographic scale,
that is, much larger than land managers use when making
decisions on conservation (Harris et al., 2005). The narrative
analyses for Figs 3 & 4 do not identify specific 100 ha
parcels for conservation, but they do scale down large water-
sheds (> 300,000 ha) to much smaller areas where more geo-
graphically focused analyses (e.g. Davis et al., 2006; Stoms
et al., 2011) could be implemented. Another potential advan-
tage of integrating drinking water with biodiversity is a
higher likelihood of stakeholder buy-in. Stakeholder buy-in
in land conservation for biodiversity protection is often
absent or dispassionate because societal needs are often in
conflict with the restricted use of the land that conservation
imposes (e.g. Thompson, 2006; Dıaz-Caravantes & Scott,
2010). Addressing biodiversity conservation through drinking
water preservation may have a higher likelihood of stake-
holder buy-in because all stakeholders have a tangible inter-
est in clean drinking water. A third potential advantage of
integrating drinking water with biodiversity is the potential
for stakeholders to recognize the importance of managing
the landscape outside areas set aside for conservation. Over-
reliance on the land conservation approach to biodiversity
protection has been criticized for fostering a dichotomous
world of cities and farms that are walled off from ‘outdoor
natural heritage museums,’ and, in the end, this may not be
the most effective approach to biodiversity conservation
(Thompson, 2006; Phalan et al., 2011). Within the realm of
water use and conservation, there is an emerging vision that
the views of water as a commodity versus water as resource
that needs conservation and stewardship are compatible
rather than competing (Thompson, 2011). The same concept
Figure 4 Stockton, CA watershed. The
land cover is from the NLCD 2006
database, and the major streams are from
the 1:100,000-scale National
Hydrography Dataset (NHD;
http://nhd.usgs.gov).
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intuitively applies to land (Thompson, 2006) as well as
water, and this view is implicitly recognized in the SDWA
1996 amendments through the requirement that states sub-
mit watershed management plans for drinking water water-
sheds (US Environmental Protection Agency, 1997). These
plans must account for the variety of land uses in the
watershed and their potential impact on drinking water secu-
rity. It is probably true that these state-level plans do not
formally incorporate management objectives related to biodi-
versity preservation, but it would likely be straightforward
for stakeholders to incorporate this collateral objective into
the plans.
The analyses we presented identified areas where land con-
servation is likely to support drinking water security and
biodiversity protection by applying a simple dichotomy (with
or without surface drinking water intakes) to biodiversity hot-
spot analyses. It is plausible and certainly expected (see, Nai-
doo & Ricketts, 2006) that positive ecological benefits in
addition to improved drinking water security and biodiversity
protection could be realized if such land conservation were to
occur. For example, acquisition of lands to conserve riparian
wetlands could also maintain or improve water quality, con-
tribute to flood mitigation or provide increased opportunities
for recreational fishing and waterfowl hunting (de Groot et al.,
2006). Our focus on drinking water intakes and at-risk species
concentrations was intentionally limited to illustrate how con-
servation planners could identify watersheds that benefit both
human well-being and biodiversity conservation.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Figure S1 Watersheds without data (light blue) for non-vascular
plants, fungi and lichens, invertebrates and freshwater fish.
Watersheds with no data are grey.
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Figure S2 Watersheds in the 90th percentile for number of at-
risk species. The 90th percentile value for at-risk species was 20.
Figure S3 Watersheds in the 90th percentile for total species
richness. The 90th percentile value for total species richness was
437.
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